Bone healing requires a complex interaction of growth factors that establishes an environment for efficient bone regeneration. Among these, FGFs have been considered important for intrinsic bonehealing capacity. In this study, we analyzed the role of Fgf-9 in long bone repair. One-millimeter unicortical defects were created in tibias of +/− and wild-type mice. Histomorphometry revealed that half-dose gene of Fgf-9 markedly reduced bone regeneration as compared with wild-type. Both immunohistochemistry and RT-PCR analysis revealed markedly decreased levels of proliferating cell nuclear antigen (PCNA), Runt-related transcription factor 2 (Runx2), osteocalcin, Vega-a, and platelet endothelial cell adhesion molecule 1 (PECAM-1) in Fgf-9 +/− defects. μCT angiography indicated dramatic impairment of neovascularization in Fgf-9 +/− mice as compared with controls. Treatment with FGF-9 protein promoted angiogenesis and successfully rescued the healing capacity of Fgf-9 +/− mice. Importantly, although other pro-osteogenic factors [Fgf-2, Fgf-18, and bone morphogenic protein 2 (Bmp-2)] still were present in Fgf-9 +/− mice, they could not compensate for the haploinsufficiency of the Fgf-9 gene. Therefore, endogenous Fgf-9 seems to play an important role in long bone repair. Taken together our data suggest a unique role for Fgf-9 in bone healing, presumably by initiating angiogenesis through Vegf-a. Moreover, this study further supports the embryonic phenotype previously observed in the developing limb, thus promoting the concept that healing processes in adult organisms may recapitulate embryonic skeletal development.
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tibia | regeneration | tissue B one healing is an efficient regenerative process resulting in newly formed bone equivalent to the original tissue. It involves the interplay of numerous factors over the well-characterized cascade of phases, including inflammation, callus formation, and remodeling (1) , which recapitulate aspects of skeletal development (2, 3) . Among these factors, several members of the FGF ligands, including FGF-2, -9, and -18, as well their corresponding receptors FGFR1-3, have been identified previously as having a major role during skeletal development (4) (5) (6) (7) (8) (9) (10) (11) (12) . Although their contribution during skeletal development is well established, less is known about FGFs in fracture healing. The recent identification of different expression patterns of FGF ligands and receptors during fracture repair (13) indicates potential functions in bone regeneration. Within the group of pro-osteogenic FGF ligands, Fgf-9 has been reported to play a role during the development of skeletal vascularization (11) .
Skeletal vascularization of the injury site is a key step in facilitating successful bone regeneration. Angiogenesis is achieved by two hormonal pathways: the angiopoietin-and VEGF-mediated pathways (2, 14) . Vegf was identified previously as a coordinator of chondrocyte growth and bone formation in growth plates of juvenile mice (15) . Moreover, Vegf is released physiologically in fracture hematoma (16) . Current knowledge about the interaction between Fgf-9 and Vegf arose mostly from embryonic studies. In a study by Hung et al. (11) , femurs of Fgf-9 −/− day 15.5 (E15.5) and day 16.5 (E16.5) embryos showed delayed vascular invasion and decreased expression of Vegf in hypertrophic chondrocytes as compared with wild-type mice (11) . Conversely, exogenous FGF-9 did induce Vegf expression and vascular invasion in organ-cultured forelimbs of heterozygotic Vegf-LacZ embryos. Moreover, during limb skeletal development, Fgf-9 was shown to be expressed in the proximal limbs, which showed delayed skeletogenesis at E15.5 and E16.5. Fgf-9-null mice, which develop lethal phenotypes, finally exhibit rhizomelia, i.e., a shortening of proximal skeletal elements (11) . An additional hint for the regulatory in vivo function of Fgf-9 in angiogenesis was derived from studies on lung tissue (17) . In the lung mesenchyme, Fgf-9 was shown to regulate Vegf-a expression. By investigating the effects of loss of function (Fgf-9
) and gain of function (Fgf-9 dox(48) ) in embryonic mice, Fgf-9 (in concert with Sonic Hedgehog) was found to be necessary for the branching of the distal capillary plexus of the lung (17) .
The role of Fgf-9, in part mediating vascularization and growth in bones, suggested that Fgf-9 might be important during various stages of bone healing. In the current study, we hypothesized that haploinsufficiency of Fgf-9 might repress crucial stages in bone repair, and therefore we investigated bone repair in Fgf-9 +/− and wild-type mice.
Results
Tibias of Fgf-9 +/− and Wild-Type Mice Showed No Differences in Phenotype. As a first step we investigated whether macroscopic differences between tibias of Fgf-9 +/− and wild-type mice existed. CT scanning revealed no obvious differences between the two strains (Fig. 1A) . Moreover, bone mineral densities were similar in Fgf-9 +/− and wild-type mice (Fgf-9 +/− : 816 ± 181 mg/cm 2 ; wild-type: 774 ± 128 mg/ cm 2 ) (Fig. 1B) . Importantly, quantitative real-time PCR analysis of typical osteogenic markers such as Runtrelated transcription factor 2 (Runx2), alkaline phosphatase, and osteocalcin, as well as proliferative and pro-osteogenic genes, such as Pcna and Bmp-2, did not reveal significant differences in the diaphysis of Fgf-9 +/− and wild-type tibia (Fig. 1C) .
Tibial Bone Healing Is Impaired in Fgf-9 +/− Mice. To test how phenotypical unremarkable tibias with reduced levels of Fgf-9 would regenerate, 1-mm unicortical defects were created (Fig. 1D) , and histomorphometry was performed postoperatively. Aniline bluestained slides (for identification of new osteoid matrix within the defect) of Fgf-9 and wild-type mice were analyzed 5 and 7 d after injury, times that represent the stages of callus formation and remodeling in this model ( Fig. 2A) . In Fgf-9 +/− mice, bone regeneration was reduced dramatically, by 90.1% at day 5 and by 79.6% at day 7 compared with wild-type mice. In defects in wild- To whom correspondence may be addressed. E-mail: longaker@stanford.edu or quarto@ unina.it.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1003317107/-/DCSupplemental. type mice, regeneration occurred not only between the two cortical bones but also medially, in the bone marrow. The histomorphometry data demonstrated impaired healing of tibial defects in Fgf-9 +/− mice. We then asked whether proliferation was affected in defects in Fgf-9 +/− mice. Immunohistochemistry for PCNA revealed numerous proliferating cells in the defects in wild-type mice; markedly fewer cells were positive for PCNA in Fgf-9 +/− mice at day 3, the stage of inflammation and angiogenesis (Fig. 2B) . Immunohistochemistry for Runx2, an early osteogenic marker, showed intense nuclear staining in the defect area of wild-type mice at day 3 (Fig. 2B) . In Fgf-9 +/− mice, only faint staining was detected.
Moreover, immunohistochemistry for osteocalcin revealed staining in defects in wild-type mice at day 5, but staining was almost absent in defects in Fgf-9 +/− mice (Fig. 2B) . Analysis of the time course of gene expression in the tissue harvested from the defect sites mirrored the results obtained from immunohistochemistry (Fig. 2C) . Throughout the time course, defects in wild-type mice elaborated higher levels of Runx2. Expression of Osteocalcin peaked at day 7 in wild-type mice but was undetectable in Fgf-9 +/− mice (Fig. 2C) . As the next step, we wanted to pinpoint whether the impaired osteogenesis was unique to Fgf-9 and whether compensatory up-regulations of other osteogenic Fgf-family members or Bmp-2 would occur. Real-time PCR expression profiles of three pro-osteogenic Fgf family members (Fgf-2, Fgf-9, and Fgf-18) in wild-type and Fgf-9 +/− mice revealed lower expression levels of all Fgfs in uninjured Fgf-9 +/− tibias (Fig. 2D) . Of note, Fgf-9 expression was not detectable in Fgf-9 +/− tibia. In tibias of Fgf-9 +/− mice, Fgf-2 increased to levels similar to those in tibias of wild-type mice at days 5 and 7, but Fgf-9 did not. Moreover, expression of Fgf-18 increased to levels comparable to those in wild-type mice throughout the injury response. Interestingly, expression of Bmp-2, the prototypical osteogenic Bmp, was not impaired in tibial injuries of Fgf-9 +/− mice ( Fig. 2D ).
Neovascularization Is Impaired During Tibial Regeneration of Fgf-9
Mice. The severe impairment of bone regeneration led us investigate whether the reduced bone regeneration was caused by impaired neovascularization. To verify this possibility, we performed immunohistochemistry for platelet endothelial cell adhesion molecule 1 (PECAM-1), an endothelial marker (Fig. 3A) . During the phase of inflammation and angiogenesis 3 d after injury, only faint staining was observed for PECAM-1 in the tibial defects of Fgf-9 +/− mice. In contrast, in the defect area of wild-type mice, specific and strong staining was observed in endothelial cells of presumably regenerating vessels. Immunohistochemistry for VEGF-A, a factor that might be an effector protein of Fgf-9, was performed. Congruent with data obtained for PECAM-1, immunostaining for VEGF-A was faint in the vicinity of tibial defects in Fgf-9 +/ − mice, but strong staining for VEGF-A was observed in defects in wild-type mice after 3 d (Fig. 3A) . Real-time PCR analysis performed on tibial defects at days 3 and 5 revealed less expression of Vegf-a in Fgf-9 +/− mice than in wild-type mice. Unicortical tibia injuries were performed by drilling a 1-mm hole in one cortex, leaving the opposite cortex intact. Alk ph, alkaline phosphatase; bm, bone marrow; cb, cortical bone; is, injury site; Oc, osteocalcin. +/− mice compared with wild-type mice. The injury site is marked in orange and is segregated in the Insets. (Lower) The amount of new bone formation was quantified with histomorphometry performed on aniline blue-stained slides, revealing a remarkable drop in bone regeneration in Fgf-9 +/− mice. ***P < 0.0005. (B) Immunohistochemistry for PCNA, Runx2, and osteocalcin in Fgf-9 +/− and wild-type mice. PCNA staining revealed fewer proliferating cells in Fgf-9 +/− mice. For Runx2, only faint staining was observed at day 3 in defects of Fgf-9 +/− mice, whereas strong nuclear staining was observed in defects in wild-type mice. At day 7, no staining for osteocalcin was observed in Fgf-9 +/− mice, whereas staining was observed in wild-type mice. Dashed lines indicate the cortical bone. (Scale bars, 200 μm in A and 50 μm in B.) (C) RT-PCR analysis of Runx2 and osteocalcin (Oc) performed on regenerating bone tissue harvested from Fgf-9
+/− and wild-type mice. (D) Real-time PCR analysis for Fgf-2, Fgf-9, Fgf-18, and Bmp-2. *P < 0.05, **P < 0.005 calculated using Student's t test.
However, at day 7, expression of Vegf-a in Fgf-9 +/− mice was similar to that in wild-type mice (Fig. 3B) . Expression of Vegf receptor 1 (VegfR1) showed a similar trend: Expression was highest at day 7 in both Fgf-9 +/− and wild-type mice (Fig. 3B ). Vegf receptor 2 (VegfR2) expression was not up-regulated in defects in Fgf-9 +/− mice, whereas an up-regulation occurred in defects in wild-type mice at days 3 and 5.
Immunohistochemistry and real-time PCR data provided some clues for the diminished healing (e.g., decreased neovascularization in Fgf-9 +/− mice). To investigate this evidence more thoroughly, we performed μCT angiography (Fig. 3C) . These angiographies revealed marked impairment of neovascularization in tibial defects in Fgf-9 +/− mice compared with wild-type mice. The vessel volume in the defect area was 118 μm 3 in Fgf-9 +/− mice, decreased by 3-fold compared with the volume of 355 μm 3 in wild-type mice (P < 0.05). Moreover, the vessel surface was decreased in Fgf-9 +/− mice (7.85 mm 2 ) compared with wild-type mice (14.75 mm 2 ) (P < 0.05). These data revealed that at day 7 Fgf-9 +/− mice had a severely impaired angiogenic response to injury.
Osteoclast Recruitment and Bone Remodeling Impairment in Fgf-9 +/− Mice. To this point, we had focused on differences in osteogenesis during the injury response of Fgf-9 +/− and wild-type mice. Next we evaluated whether there were any significant changes in bone marrow-derived osteoclastogenesis. Tartrate-resistant acid (TRAP) staining revealed impairment of osteoclast recruitment in the defects in Fgf-9 +/− mice compared with defects in wild-type mice at day 7 (Fig. 4) . In wild-type mice, TRAP-positive cells were found predominantly in the medial aspect of the callus. This result is suggestive of tissue remodeling. In contrast, only a few TRAP-positive cells were found at the bony edges of defects in Fgf-9 +/− mice. However, it must be pointed out that bone formation was decreased in Fgf-9 +/− mice; thus, the decreased TRAP staining in Fgf-9 +/− mice also could be secondary to diminished bone formation. In addition, matrix metallopeptidase 9 (MMP-9) staining, a marker for chondroclastic and osteoclastic cells, revealed less staining in the injury site of Fgf-9 +/− mice 7 d postoperatively. Of note, bone marrow stained strongly for MMP-9.
Defects in Fgf-9 +/− Mice Could Be Rescued with FGF-9 and VEGF-A.
Given that tibial defects in Fgf-9 +/− mice healed significantly less than in wild-type mice, presumably because of impaired angiogenesis, we wanted to determine whether we could rescue defects in Fgf-9 +/− mice with recombinant FGF-9. First, we applied FGF-9 or PBS (as a control) on a collagen sponge and investigated the angiogenic response after 3 d (Fig. 5A) . PECAM-1 staining revealed vessel formation in Fgf-9 +/− mice treated with FGF-9, whereas no vessels were observed in the control. A similar trend was detected for VEGF-A.
Having demonstrated that angiogenesis in Fgf-9 +/− mice could be rescued by application of FGF-9, we next asked whether osteogenesis could be rescued by application of FGF-9 protein. Bone formation was assessed by aniline blue staining at day 7 (Fig. 5B) . Healing with FGF-9 was accelerated by 401% as compared with PBS-treated defects in Fgf-9 +/− mice (P < 0.0005). Here, new bone formation was found predominantly in the periphery of the collagen sponge. To understand, whether this effect was caused mainly by the increased angiogenesis elicited by FGF-9 or by osteogenesis, we also rescued Fgf-9 +/− tibia with FGF-2, VEGF-A, and a combination of VEGF-A and FGF-9. FGF-2 did enhance healing by 55% as compared with PBS; however, this value was not statistically significant. Importantly, significant acceleration of healing could be achieved with VEGF-A (251%; P < 0.005) but was lower than with FGF-9 treatment (Fig. 5C ). The combination of FGF-9 and VEGF-A further increased the healing rate by 535% and showed a trend to enhance healing further (P < 0.0005), although the improvement was statistically nonsignificant compared with FGF-9 treatment alone (Fig. 5C) . However, combined treatment significantly increased healing compared with VEGF-A treatment alone (P < 0.05). PECAM-1 staining in the defect area at day 7 revealed vessel formation in all treated groups but not in the control group (Fig. 5B, Right column) , further indicating the importance of FGF-9 in angiogenesis.
Exogenous FGF-9 Accelerates Bone Repair in Wild-Type Mice. Having demonstrated the importance and requirement for Fgf-9 during bone repair, we asked whether bone regeneration already is maximal in normal physiological conditions. We therefore ap- +/− and wildtype mice. At day 3, only faint PECAM-1 staining was observed in defects of Fgf-9 +/− mice, whereas intense PECAM-1 staining was detected in wild-type mice. Arrows indicate blood vessels. Immunohistochemistry for VEGF-A showed less staining in Fgf-9 +/− than in wild-type mice at day 3. Dashed lines indicate cortical bone. (B) Real-time PCR time-course analysis of regenerating bone tissue from Fgf-9 +/− and wild-type mice for Vegf-a, VegfR1, and VegfR2. *P < 0.05; **P < 0.005; ***P < 0.0005 calculated using Student's t test. (C) μCT angiography of defects in Fgf-9 +/− and wild-type mice at day 7. Angiography revealed impaired neovascularization in defects of Fgf-9 +/− mice. The histogram shows that both vessel volume and surface were decreased in defects of Fgf-9 +/− mice. *P < 0.05. (Scale bars, 50 μm in A and 200 μm in C.)
plied exogenous FGF-9 to defects in wild-type mice and evaluated the amount of newly formed bone. After 7 d, we found that in wild-type mice treatment with FGF-9 resulted in an increase in bone regeneration of 58.2% as compared with untreated defects (P < 0.005) and 118.1% (P < 0.0005) as compared with defects treated with PBS (Fig. S1 ). Collagen sponges did impair the endogenous bone regeneration capacity of defects in wildtype mice, although the impairment was not statistically significant (29% decrease in bone regeneration as compared with untreated defects in wild-type mice).
Discussion
In this study, we demonstrate the importance of Fgf-9 in bone healing and provide data showing that Fgf-9 contributes functionally to both angiogenic and osteogenic processes during bone repair. Uninjured tibias of Fgf-9 +/− mice appeared normal and had no obvious phenotype; however; the half-dose gene of Fgf-9 was sufficient to induce a severely impaired healing phenotype. We also found that Fgf-9 +/− mice had impaired angiogenesis, suggesting that Fgf-9 is important for inducing an angiogenic response during injury repair. The decreased levels of Runx2 and osteocalcin observed strongly corroborated impaired bone regeneration in Fgf-9 +/− mice. Moreover, effects such as mitogenic activity of FGF-9 might explain decreased cell proliferation in PCNA-stained defects in Fgf-9 +/− mice. Importantly, although other osteogenic factors such as Fgf-18 or Bmp-2 were present at the injury site, they could not compensate for the lack of Fgf-9.
Although bone is a highly vascularized organ, the importance of angiogenesis for a successful bone repair is only partially elucidated (15, 18, 19) . Decreased angiogenesis in tibial defects of Fgf-9 +/− mice might account for decreased recruitment of osteoprogenitor cells that participate in bone regeneration. One of the major players in angiogenesis is VEGF, which, interestingly, itself increased osteogenesis (20, 21) . In the context of bone regeneration, exogenous Vegf accelerates bone regeneration in vivo and induces differentiation in osteoblasts in vitro (20) (21) (22) , whereas inhibition of Vegf impaired fracture healing (20) . Besides adequate levels of Vegf ligands, it has been proposed that both receptors for Vegf-aVegfR1 and VegfR2-are important for bone regeneration during distraction osteogenesis and that mesenchymal cell recruitment fails to progress in the absence of VegfR signaling (23) . Interestingly, expression of VegfRs correlated with expression of Vegf (15, 24, 25) , a finding that is consistent with our data because we observed delayed up-regulation of Vegf-a and VegfR1 in defects in Fgf-9 +/− mice. The fact that VegfR2 gene expression was not elevated in defects of Fgf-9 +/− mice could reflect the fact that VegfR2 expression primarily affects endothelial cell growth (26) .
In our study, we propose Fgf-9 as an additional player for angiogenesis during bone repair. Our hypothesis is supported by real-time PCR, immunohistochemistry, and μCT angiography data obtained from defects in Fgf-9 +/− mice. Importantly, angiogenesis could be rescued in Fgf-9 +/− mice by application of exogenous FGF-9. Taken together, our data suggest that FGF-9 not only has direct effects on osteoprogenitor proliferation and osteogenesis but also has profound effects on angiogenesis. It is tempting to hypothesis that FGF-9 is upstream of VEGF-A. Our hypothesis is supported by a previous embryonic developmental study, which demonstrated that Vegf, VegfR1, and VegfR2 expression was decreased in Fgf-9 −/− mice (11). Conversely, exogenous FGF-9 did increase Vegf expression (11) . Furthermore, expression of Fgf-9 has been identified in an angiogenic collagen gel culture model, coinciding with the formation of capillary-like tubes (27) . The data obtained from our injury model indicated that Fgf-9 regulates vascularization in long bone repair by triggering Vegf expression. A similar observation has been reported previously for FGF-2, which induces VEGF in endothelial cells, thereby executing its angiogenic activity (28) . In this context, it is worth mentioning that in our analysis Vegf-a expression in tibia of Fgf-9 +/− mice equaled that in wild-type mice only at day 7, coinciding with similar levels of Fgf-2 expression observed in mutant and wild-type mice at days 5 and 7. It must be pointed out that Fgf-2 does not have a signal peptide and therefore is poorly released (29, 30) . Upon tibia injury, Fgf-2 might be released, but at an early time point (day 3) the expression level of Fgf-2 in tibia of Fgf-9 +/− mice was lower than in wild-type mice. This finding could explain the lack of a compensatory effect by FGF-2 at an early time point. Conversely, the up-regulation of Fgf-2 at later time points might elicit a compensatory effect by triggering Vegf-a expression in Fgf-9 +/− tibia. Another interesting finding was that similar expression levels of Fgf-18 in Fgf-9 +/− and wild-type mice upon injury did not compensate for the loss of Fgf-9, even though Fgf-18 and Fgf-9 share some functional redundancy during embryonic limb development (11): Fgf-9 and Fgf-18 both regulate chondrocyte differentiation and skeletal vascularization and mineralization during endochondral ossification. The reason that Fgf-18 does not compensate upon injury in Fgf-9 +/− mice might be that, in our model, bone healing occurs through intramembranous ossification.
Previous research for factors controlling VEGF in the context of bone healing focused on BMPs. For instance, studies using musclederived stem cells suggest that BMP4 acts synergistically with VEGF to enable bone healing (31) . Interestingly, it also has been shown that VEGF interacts synergistically with BMP2 to induce bone formation (32) , and this interaction could be another potential explanation for the impaired bone healing in Fgf-9 +/− mice that exhibited low levels of Vegf-a and unaffected Bmp-2 levels in our work.
Another interesting aspect of our study was the decreased TRAP staining in defects in Fgf-9 +/− mice, as is consistent with data obtained from Fgf-9 −/− bones at embryonic stages (11) . This decreased staining could be caused either by the lack of Fgf-9 or by impaired Vegf expression. Stimulation of osteoclast recruitment also has been demonstrated previously for Fgf-2 (33). In addition, VEGF can act as a chemoattractant for osteoclasts (34) . Moreover, it has been reported that osteoclast numbers were decreased in the perichondrium surrounding the radius of VEGF 120/120 mice and that MMP-9 expression was reduced in the hypertrophic region and the perichondrium (35) .
Studies that identified single factors essential for fracture healing included those using mice deficient for Bmp-2 (36), Osteopontin (37), and bone sialoprotein (38) . Similar to observations in Bmp2 c/c mice (36), we also found the presence of other osteogenic factors in the bone injury sites in Fgf-9 +/− mice which could not compensate for the lack of Fgf-9. The fact that it was possible to rescue the healing phenotype of Fgf-9 +/− tibial injuries with FGF-9 protein further emphasizes the importance of this ligand.
It is remarkable, that only a half-dose of Fgf-9 gene had such a profound effect on bone repair. This effect probably results from impaired angiogenesis in bone repair. Given that Fgf-9 previously was associated with endochondral ossification during skeletal development, our results are even more remarkable, because we uncovered the healing phenotype in a model of intramembranous long bone healing model (i.e., a stabilized fracture). In this model, +/− mice treated with PBS, 2 μg FGF-9, 2 μg FGF-2, 2 μg VEGF-A, or a combination of 2 μg FGF-9 and 2 μg VEGF-A. The injury site is marked in orange (Left column) and is segregated in the middle column. Accompanying PECAM-1 staining performed at day 7 revealed vessel formation (arrows) in the treated groups as compared with the PBS control (Right column). (C) Histomorphometry revealed rescue of the defects with all treatments, but FGF-9 and FGF-9 in combination with VEGF-A were the most efficient. *P < 0.05 for combined FGF-9 and VEGF-A treatment vs. VEGF-A treatment alone; **P < 0.005 and ***P < 0.0005 for treatment groups vs. PBS. (Scale bars, for PECAM and 200 μm for aniline blue.) bone remodeling can be observed as early as day 7. Although it is possible that defects in Fgf-9 +/− mice eventually might heal, the rescue experiments in Fgf-9 +/− mice, as well as the increased healing of FGF-9-treated defects in wild-type mice, emphasize the importance of Fgf-9 in bone regeneration. Intramembranous ossification in the healing of long bone fractures is achieved by rigid fixation, because the default healing mode in long bone healing is endochondral ossification, which recapitulates aspects of embryonic skeletal development. From a translational perspective, local administration of a stimulatory protein with angiogenic properties, such as FGF-9, may accelerate fracture healing.
In conclusion, this study demonstrates a postnatal phenotype for Fgf-9 haploinsufficient mice, highlighting the essential role of FGF-9 during bone repair, potentially by controlling angiogenesis. In this context, it will be of interest in future studies to investigate the relationship between FGF-9 and perivascular stem cells.
Our work furthermore supports the embryonic phenotype previously observed in developing limbs, specifically in the stylopod (11) , supporting the concept that healing processes in adult organisms may recapitulate the embryonic skeletal development.
Materials and Methods
Skeletal Injuries. All experiments using animals were performed in accordance with Stanford University Animal Care and Use Committee Guidelines. Ageand sex-matched 10-to 12-wk-old Fgf-9 +− and C57/Bl6 littermate control mice were used for all studies. Fgf-9 +− mice were kindly provided by David
Ornitz (Washington University, St. Louis, MO) and were described previously (39) . Genotyping was performed by PCR analysis on genomic DNA. For this study, a previously established murine model of tibial bone repair was used (40, 41) . After mice were deeply anesthetized, the right legs were shaved, and the skin was disinfected. Then an incision was made over the proximal medial diaphysis, and the anterior tibial muscle was divided. The medial surface of the tibia was exposed, and the periosteum was preserved. A unicortical defect was created using a 1-mm drill bit under constant irrigation. In this model, the healing response is equivalent to that in a stabilized fracture and occurs through intramembranous ossification. The anterior tibial muscle was reapproximated, the skin was closed, and mice were allowed to recover. Mice were killed after 3, 5, and 7 d to cover the timing of inflammation, callus formation, and remodeling, respectively. For rescue or gain-of-function experiments, defects were treated with a 1-mm-diameter collagen sponge (Helistat; Integra LifeSciences Corporation) soaked in 2 μg of recombinant human FGF-9 (hFGF-9) and/or 2 μg human VEGF (hVEGF 165) (R&D Systems), 2 μg FGF-2 (Santa Cruz Biotechnologies), or PBS as a control. Collagen sponges were inserted in the defect and filled out the generated bone marrow space. Analysis of histology, immunohistochemistry, CT data, RT-PCR, and realtime PCR are described in detail in SI Materials and Methods.
